Molecular doping is an important strategy to improve the charge transport properties of organic semiconductors in various electronic devices. Compared to p-type dopants, the development of n-type dopants is especially challenging due to poor dopant stability against atmospheric conditions. In this article, we report the n-doping of the milestone naphthalenediimide-based conjugated polymer P(NDI2OD-T2) in organic thin film transistor devices by soluble anion dopants. The addition of the dopants resulted in the formation of stable radical anions in thin films, as confirmed by EPR spectroscopy. By tuning the dopant concentration via simple solution mixing, the transistor parameters could be readily controlled. Hence the contact resistance between the electrodes and the semiconducting polymer could be significantly reduced, which resulted in the transistor behaviour approaching the desirable gate voltage-independent model. Reduced hysteresis was also observed, thanks to the trap filling by the dopant. Under optimal doping concentrations the channel on-current was increased several fold whilst the on/off ratio was simultaneously increased by around one order of magnitude. Hence doping with soluble organic salts appears to be a promising route to improve the charge transport properties of n-type organic semiconductors.
INTRODUCTION
Organic semiconductors (OSCs) for organic thin film transistors (OTFTs) have been extensively studied for the development of high-performance next-generation plastic electronics, aiming at flexible, large-area and low-cost devices through processing from solution. [1] [2] [3] [4] [5] Similar to their inorganic counterparts, control of the optoelectronic properties of OSCs by the addition of dopants has proved to be an effective and important strategy in their application and optimisation. [6] [7] [8] [9] [10] When the basic principle of doping is fulfilled, that is, the introduction of dopant molecules results in charge transfer with the host and the generation of additional mobile charge carriers, then the critical properties of devices can become controllable by tuning the amount of dopant. The conductivity of the bulk OSC thin film can be enhanced and the injection barrier between the semiconductor and the electrodes reduced.
The most well understood mechanism for doping is the integer charge transfer mechanism, in which an electron is transferred from the highest occupied molecular orbital (HOMO) of the electron donating semiconductor to the lowest unoccupied molecular orbital (LUMO) of the electron accepting dopant (for p-doping, and vice versa for n-doping). As such there is a general requirement for matching of the ionisation energy of an electron donor and the electron affinity of the electron acceptor. This is challenging for the n-doping of OSCs, since to match the LUMO of the host molecules, the HOMO of the dopant has to roughly lie above the range of −3.5 to −4.5 eV (the LUMO level range of most n-type OSCs), which can make the dopant unstable under atmospheric conditions. 6 This difficulty in designing stable dopants has somewhat limited the development of n-doping of OSCs. 11, 12 Nevertheless a few stable n-type dopants have been reported via mechanisms other than integer charge transfer. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] For example the addition of 1H-benzimidazole or benzimidazolium salts has succeeded in tuning of the work function of graphene and the conductivity of fullerene derivatives. 13, 26 Mechanistic studies in the solution phase found that the dopant reacted with the fullerene derivative through hydride or hydrogen atom transfer to afford host radical anions, which were responsible for the doping effect. 27 Comparative studies of the doping efficiency of fullerene-based OSCs with the same dopant in OTFTs also found a significant enhancement in device performance. 28 However, conjugated polymers, as the major class of solution-processable OSCs, are rarely n-doped in devices, especially OTFTs, 14, 20, 24, 29 despite the significant improvement it can have on device parameters, e.g., charge carrier mobility, threshold voltage, channel current on/off ratio and contact resistance. Amongst the candidate conjugated n-type polymers for OTFTs, naphthalenediimide (NDI) containing copolymers have shown impressive performance to date. [30] [31] [32] [33] [34] [35] For example the copolymer with bithiophene, poly{[N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-dithiophene)} (P(NDI2OD-T2)) was one of the first high performance n-type polymers. 30, 36 Further improvements in performance have come from tuning the co-monomer utilised. 37, 38 However, the control of transistor performance by doping of the benchmark polymer itself rather than interface engineering has rarely been mentioned in the literature.
Whilst investigating new n-type dopants, we were intrigued by the recent reports by Saha et al. on the interaction between π-acidic molecular NDI derivatives and a series of soluble Lewis basic anions, in which an electron transfer from the anion to the NDI was proposed to occur. [39] [40] [41] Various functionalised NDI-based molecules were examined in which the electron-deficient nature of the core was modified to tune the strength of the π-acidity. Saha and co-workers reported that for some NDI-anion pairs, the interaction went beyond the typical non-chromogenic anion-π interactions, and that when the energy level of the HOMO of the anion was greater than the LUMO level of the NDI, a thermally induced anion-to-NDI electron transfer was suggested to afford the NDI radical anion in solution. When the HOMO of the anion was lower than the LUMO of the NDI thermal electron transfer was switched off, but photo irradiation could still activate electron transfer from the anion to the NDI. Irrespective of the electron depletion mode of the anion, the corresponding NDI molecule was reduced to the same radical anion product that displayed identical spectroscopic signals. 41 We note that the exact mechanism of radical anion formation is under debate, particularly with highly electronegative fluoride anions in which direct electron transfer seems thermodynamically unlikely. Nevertheless, Saha's results suggested that soluble anions might be suitable as readily available n-type dopants of polymeric NDI derivatives. 18, 42 During the course of this work the use of TBAF to dope fullerene derivatives and some polymer systems has emerged. 29, 43, 44 In some cases it appears that nucleophilic addition of the fluoride anion to the fullerene/polymer initially occurs, followed by an electron transfer from the resulting adduct to a neutral polymer chain. 43, 44 To probe the possibility of the above hypothesis, we investigated the n-doping of the benchmark NDI-derivatised polymer P(NDI2OD-T2) with the Lewis basic anion fluoride (in the format of tetrabutylammonium fluoride (TBAF)). We demonstrated that with only a small amount of TBAF dopant, the doping effect was already significant, as determined by OTFT characterisation. Within the optimised dopant concentration range, the injection barrier between the Au source/drain electrodes and semiconductor film could be reduced by around 30 V. The on-current of the device could be increased several fold and I on /I off ratio by around one order. Addition of TBAF not only induced the formation of radical species in solution, as previously described in the literature, but it also resulted in the formation of radical products in thin film, as confirmed by electron paramagnetic resonance (EPR) spectroscopy. The generated radical anion was able to control the electrical properties of the matrix NDI polymer by donating additional charges (i.e., electrons). The hysteresis of devices was reduced after doping with fluoride, via trap filling by the dopantcontributed electrons. Though the overall electron mobility of doped P(NDI2OD-T2) was not improved, the devices exhibited a more ideal transistor behaviour compared to the un-doped polymer, with extracted mobility becoming almost independent of gate voltage. Our investigations further confirm the very recent reports on n-doping of polymeric materials by fluoride and hydroxide ions. 29 
RESULTS
The NDI-based polymer P(NDI2OD-T2) (Fig. 1a) was selected as the model polymer to study n-doping with fluoride. The batch of polymer (Mn = 61 kDa, Ð = 1.66) used here was synthesised according to the literature procedure. 30 The polymer was doped by the addition of a known concentration of TBAF in 1,2-dichlorobenzene (DCB) to a solution of the polymer in DCB. The solutions were heated to 140°C under stirring prior to deposition by spin coating. The resulting films were then thermally annealed at 200°C for 30 min before further characterisation.
EPR spectroscopy According to the reports by Saha et al., the strong Lewis basic fluoride anion interacted with various NDI molecules by a thermally induced electron-transfer mechanism to form NDI
• ‾ radical anions in aprotic solvents. 41 Since the Lewis acidity of the NDIs was not the reported limitation for the electron transfer in this process, we predicted that thermally induced electron-transfer might also occur with the NDI units of P(NDI2OD-T2), leading to a n-doping effect.
To confirm the presence of radical anions in the solid state, EPR spectroscopy was performed upon films formed from solutions doped with varying concentrations of TBAF, as shown in Fig. 2a . The molar equivalent of fluoride dopant TBAF was calculated with respect to the mass of repeat units of the polymer (i.e., NDI-T2). The un-doped P(NDI2OD-T2) is diamagnetic and no EPR signals were observed. However, upon addition of TBAF clear signals of paramagnetic radical species were observed. The signal intensity rapidly saturated with increasing microwave power ( Figure S1 ), as expected for organic radicals. With small amounts (0.025 eq.) of TBAF dopant the EPR signal showed a five-line pattern centred around g = 2.005, which is most likely due to hyperfine splitting by the two 14 N nuclei of the NDI
• ‾ radical anion. Here the 14 N hyperfine coupling is much larger (>14 G) and dominant over 1 H couplings, which remain unresolved. We note that the spectra for the doped film is significantly different to that observed in solution for radical anion of NDI, 45 and the unequal coupling observed likely arises from different paramagnetic environments expected in the solid state. When larger amounts (0.25 and 1 eq.) of dopant were added, the hyperfine splitting structure disappeared and the signals narrows with dopant concentration. We attribute this narrowing to a fast spin exchange as the Fig. 1 a Structure of the matrix polymer P(NDI2OD-T2) and dopant TBAF for n-doping; b configuration of top gate/bottom contact OTFT device based on doped polymer concentration of radicals increases, in agreement with other studies. 46 Interestingly we also found that the signal intensity increases with dopant concentration. Double integration of the EPR spectra recorded under identical conditions for films doped with 0.025, 0.25 and 1 eq. demonstrate a systematic increase with dopant density ( Figure S2 ). Whilst these measurements are not quantitative, due to the difficulties associated with preparing identical film samples, they nevertheless suggest that TBAF concentration can be used to control the doping density.
UV-Vis absorption spectroscopy
We also attempted to detect the formation of the radical species by thin-film UV-Vis spectroscopy (Fig. 2b) . However, at the lowest dopant concentration (0.025 eq.), no obvious new peak could be observed, likely due to the small amount of radical anion formed in addition to overlapping peaks from the host polymer. The absorption spectra of this film was almost identical to that of the un-doped P(NDI2OD-T2) polymer, showing two main absorption bands at 398 and 709 nm in film, similar to the reported data. 30 When the amount of fluoride dopant was increased to 0.25 eq., the two absorption bands were slightly blue shifted, to 394 and 706 nm respectively, with the relative intensity of the lower energy region reduced. A new absorption feature started to evolve between these two main bands. This became more pronounced upon increasing the fluoride dopant density to 1 eq., with a clear peak observable at 543 nm, which can be ascribed to the existence of NDI
• ‾ by addition of TBAF to P(NDI2OD-T2). 41 In addition the longer wavelength peaks shift and change in intensity. The changes are similar to those observed upon electrochemical reduction of P(NDI2OD-T2). 47 OTFT characterisation To examine the doping effect of TBAF on the electrical properties of P(NDI2OD-T2), un-doped and doped polymer layers were investigated in OTFT devices with a top-gate, bottom-contact (TG/ BC) configuration fabricated via solution processing. The transfer characteristics of a set of transistors based on un-doped and doped polymer with representative equivalents of dopant are shown in Fig. 3 . The un-doped polymer exhibited typical n-type behaviour, with field-effect electron mobility of 0.15 (±0.013) in the linear and 0.27 (±0.018) cm 2 V −1 s −1 in the saturation regime, channel current on/off ratio in the range of 10 3 −10 4 , and threshold voltage (V Th ) of 32.5 (±2.2) V. The high value of V Th indicates a relatively large electron injection barrier, which is probably due to the difference between the work function of Au electrodes (~−5.0 eV) and LUMO of P(NDI2OD-T2) (~−4.0 eV). The use of Au electrodes also results in some hole injection into the HOMO of P(NDI2OD-T2) (~−5.6 eV). Noticeable hole transport can be observed in the transfer scans. The hysteresis observed between the forward and reverse scan is likely due to the presence of charge carrier traps.
As shown in Fig. 3a , the addition of TBAF has an obvious doping effect on transistor device performance. The key parameters of transistors based on doped P(NDI2OD-T2) with a full series of dopant concentrations are summarised in Table S1 and their transfer and output characteristics are shown in Figure S3 . Small amounts (0.01 eq.) of dopant resulted in an increase in on-current and a reduction in hysteresis. Extraction of the threshold voltage (Fig. 3b) shows a very significant shift of 18 V towards the negative direction. These doping effects at very low dopant concentration can be attributed to the trap filling effect. 48, 49 Hole transport is still observable at this low dopant concentration. The doping efficiency was further enhanced when the amount of TBAF was increased to 0.025 eq., at which concentration the transistor reached its highest on-current level. The off-current remained low at this concentration and the channel on/off ratio was increased by around one order accordingly. The threshold voltage was further reduced to 8.0 (±0.7) V, and the hysteresis between the forward and reverse scan became negligible, which we ascribe to trap filling by the additional dopant-contributed charges generated by the introduction of the dopant. Moreover, the hole transport was completely suppressed.
As the TBAF concentration was further increased from 0.025 eq., the on channel current started to drop and the off-current increased, resulting in lower on/off ratios compared to the undoped (pristine) or 0.01 and 0.025 eq. TBAF doped polymer devices. The increase in off-current is probably due to the increase in bulk conductivity of the semiconductor layer by doping, which makes it progressively more difficult to switch off the transistor until the gate bias is significantly negative. 28 As shown in Fig. 3b , the threshold voltage of the devices continues to decrease as the dopant concentration was increased, until reaching 3-4 V at a dopant concentration of 0.25 eq. Higher levels of doping resulted in devices becoming too conductive and therefore unable to switch off.
An interesting effect of the doping process was on the gate voltage dependence of the extracted electron mobility values. As shown in Figure S4c , the linear and saturation mobility of undoped devices shows a pronounced gate voltage dependence, indicative of significant contact resistance. As a result the highest mobility could only be obtained at a certain level of gate bias , a phenomenon which has been intensively discussed recently and attributed to parasitic contact resistance. [50] [51] [52] In addition, an apparent mismatch between the linear and saturation mobility was also observed for the un-doped device, which was attributed to the contact resistance between the electrode and semiconductor as discussed above. 53, 54 When the TBAF dopant was added, the difference between the saturation and linear mobility was reduced, and the mobility calculation from first derivative of the linear regime transfer curve and first derivative of the square root of the saturation regime transfer curve becomes more gate voltage-independent ( Figure S4f ). We attribute this to the reduction in contact resistance, which was as high as 4.52 MΩ·cm for un-doped polymer, and gradually decreased by two orders of magnitude by doping with different concentrations of TBAF ( Figure S5 and Table S1 ).
The doping effect of TBAF is a somewhat unusual one, and given recent reports on the use of tertiary amines as n-type dopants, 23 we were interested if the presence of tributylamine (TBA) may have caused the doping effect. TBA may either have been present as an impurity in the commercial TBAF, or may arise from Hofmann type eliminations occurring during thermal annealing. 23 Therefore we investigated the device performance of films formed from solutions with 0.025 eq. of TBA ( Figure S6) . No obvious doping effect was observed, with similar on-current and threshold voltage compared to the un-doped device, suggesting that the addition of TBA had no impact on injection improvement. Moreover, the use of different anions (Cl‾, Br‾, I‾) as tetrabutylammonium salts resulted in similar doping effects to TBAF. The device characteristics are shown in Figure S6 and summarised in Table S2 . The mismatch between linear and saturation mobility was again reduced, and the injection barrier, expressed by the threshold voltage, was also reduced to a similar range to that of the TBAF doped devices. It should be noted that Cl‾, Br‾ and I‾ are much less basic than F‾ and unlikely to trigger the Hofmann elimination reaction, suggesting the doping effect in this study is rather related to the anion-π electron transfer.
The generation of radical anions is expected to impact the concentration of the charge trap states and hence influences the performance of the resulting transistors. To study this effect we calculated the interface trap density (N tr ) and trap concentration (D tr , per unit area and unit energy) using the following equations: 55, 56 
and
where e is the elementary charge, C i the geometric capacitance of gate dielectric, V on the onset voltage, k the Boltzmann constant, T the measuring temperature and S the subthreshold swing. The calculated trap density and trap concentration are shown in Fig. 4 . The interface trap density (N tr ) was found to decrease upon doping with small amounts of TBAF, and continuingly reduced as the dopant concentration was increased to 0.1 eq., followed by a slight increase at 0.25 eq. The evolution of interface trap density is consistent with the change in threshold voltage as a function of dopant concentration. The trap concentration (D tr ), on the other hand, is reduced by the addition of 0.01 eq. of TBAF dopant, but further increasing TBAF concentration results in an increase in trap concentration, with higher levels of traps at concentrations higher than 0.05 eq. compared to the un-doped transistor. The latter observation is attributed to the structural defects/energetic disorder induced in the bulk of the polymer by the dopant at high concentrations. Besides modulating the density of trap states, efficient doping at appropriate levels is also known to introduce dopantcontributed charges (electrons) which under certain circumstances can help to enhance the charge carrier transport. The amount of dopant-contributed electrons induced by TBAF doping was also calculated from the operating characteristics of the transistors using: 28, 57 Δh¼
As shown in Fig. 4 , the number of dopant-contributed electrons generated by adding TBAF to P(NDI2OD-T2) is of the order of (6-12) × 10 11 cm −2 , with a slight yet clear trend that increases with higher dopant concentration. The evolution of extra dopantcontributed electrons is in agreement with that of interface trap density, and also mirrors the threshold voltage shift of the transistor devices. Overall, the introduction of the dopant fills charge carrier traps at the interface rather than deep in the semiconductor layer. The injection barrier and contact resistance are accordingly reduced. 
Film morphology
Atomic force microscopy (AFM) was employed to study the effects of doping on film surface morphology. Un-doped and doped P (NDI2OD-T2) films were spun-cast on glass substrates and annealed following identical procedures to those for the deposition of the transistor semiconductor layer. As shown in Fig. 5 , the un-doped P(NDI2OD-T2) affords a continuous film with an entangled fibrillar microstructure, similar to the morphology of spun-cast films previously reported. 30 The root mean square surface roughness (RMS) of the un-doped film was 1.40 nm. In contrast to reports where dopant phase-segregated from the host, 58, 59 TBAF doped P(NDI2OD-T2) showed no obvious phaseseparated domains formed by the dopant. Films doped with 0.025 and 0.25 eq. TBAF display similar morphology to that of the undoped one, with a RMS roughness of 0.755 and 0.637 nm, respectively. The slight decrease in surface roughness is probably due to formation of a less pronounced semicrystalline structure by the insertion of dopant to the polymer matrix.
To probe the packing mode of molecular chains, wide-angle Xray diffraction (XRD) was also carried out on films before and after doping ( Figure S7 ). The un-doped and doped films displayed very similar diffraction patterns. Diffraction peaks at 2θ = 3.62°and 7.20°corresponding to d-spacing of 24.38 nm and 12.26 nm were observed in both cases, which can be attributed to the first (100) and second (200) order lamellar packing of the conjugated polymer backbones. A diffraction peak at 2θ = 22.84°(d = 3.89 nm) was also observed and attributed to the π-π spacing between two adjacent backbones. Hence the addition of the dopant did not obviously hinder packing of the polymer film or significantly influence its surface topology.
DISCUSSION
Since n-type dopants designed according to the traditional integer charge transfer principle often encounter air stability problems due to their small ionisation potentials, the development of new n-doping motifs is highly desirable to improve the charge transport properties of electron transport semiconductors.
Furthermore the controlled doping of polymeric systems can be especially challenging from the solution phase, since the polymers are prone to aggregate and precipitate during the doping process. Although polymeric films can be doped via the vapour phase after film formation, the direct fabrication of doped films from the solution phase removes additional processing steps and is attractive for the development of printed devices. Here we have shown that the addition of soluble tetrabutylammonium salts is an attractive approach to the formation of doped devices that utilises readily available dopants and enables full solution processing without aggregation problems. Although the exact mechanism of doping is not yet resolved, we have demonstrated that the addition of a soluble fluoride source (TBAF) to a naphthalene diimide containing conjugated polymer had a significant impact on the electrical properties of the polymer via the formation of radical anions. Radical anion formation was confirmed by EPR and UV-Vis absorption studies of thin films of the doped polymer. By adjusting the concentration of the dopant via solution processing, the performance of OTFTs was readily modulated. A combination of trap filling and the introduction of dopant-contributed electrons by n-doping dramatically reduced the electron injection barrier and contact resistance between the metal contacts and the semiconductor, resulting in improved device performance. Notably doped transistors showed near ideal transistor behaviour with close to gate voltage independent mobility values. The above ndoping method was also extended to other soluble anions such as Cl‾, Br‾ and I‾, further demonstrating the utility of this approach for n-doping.
METHODS

General
All chemicals and solvents were purchased from Sigma Aldrich and used as received unless otherwise specified. Gel permeation chromatography (GPC) was carried out on Agilent Technologies 1200 series GPC. Numberaverage (Mn) and weight-average (Mw) were determined by running in chlorobenzene at 80°C, using two PL mixed B columns in series, and calibrated against narrow polydispersity polystyrene standards. UV-Vis spectra were recorded on a UV-1601 Shimadzu UV-Vis spectrometer. EPR measurements were performed at room temperatures on a Bruker ElexSys E580 spectrometer operating at X-band frequency (ca. 9.85 GHz) and the observed power was 18 dB under 10 mW. Films were prepared by drop casting the un-doped or doped solutions on glass substrates under nitrogen. Films were briefly exposed to air during transfer to a 4 mm quartz EPR tube which was filled with argon. Wide-angle XRD (PANalytical X'Pert Pro MPD, Cu Kα radiation) was carried out to probe the molecular packing, and θ/2θ scans were performed at room temperature to the films drop cast from the corresponding mixture solutions onto silicon substrates. Tapping mode AFM was carried out with a Picoscan PicoSPM LE scanning probe. Samples were prepared by spin coating polymer solutions on plain glass and thermal annealing treatment afterwards at 200°C, following the identical procedures for fabrication of OTFT devices, except that dielectric and gate electrodes were not deposited.
Synthesis and characterisation of poly{[N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-dithio-phene)} (P(NDI2OD-T2)) P(NDI2OD-T2) was synthesised according to the literature procedure. 30 The number average molecular weight and polydispersity index were determined by GPC against narrow polydispersity polystyrene standards to be 61 kDa and 1.66 kDa, respectively.
Preparation of complex solutions
In a nitrogen glove box, stock solutions of polymer and dopants were prepared, respectively, prior to mixing, by dissolving P(NDI2OD-T2), tetrabutylammonium fluoride trihydrate (TBAF·3H 2 O), tetrabutylammonium chloride, tetrabutylammonium bromide, tetrabutylammonium iodide, and TBA in DCB to reach a concentration of 10 mM. The polymer concentration and molar equivalents of dopant were determined with respect to the mass of repeat units of the polymer. Each solution with the required amount of dopant was prepared by adding the corresponding volume of dopant solution to 100 µL of the polymer solution. Additional DCB was added to each of the above mixture solutions if necessary to dilute to a volume of 150 µL. The final concentration of polymer was kept constant (6.67 mM). The solutions were stirred at 140°C for 10 min and allowed to cool to room temperature before spin coating.
Fabrication of OTFT devices
The top gate/bottom contact (TG/BC) configuration was employed to fabricate transistor devices based on un-doped and doped polymers. Bottom contact substrates were prepared by thermal evaporation of Au (40 nm) onto glass substrates through a shadow mask. The above mentioned solutions were then spun-cast at 2000 rpm for 60 s onto prepatterned substrates. The obtained semiconductor films were thermally annealed at 200°C for 30 min. Poly(methyl methacrylate) (PMMA, average Mw~120 kDa) 80 mg/mL solution in n-butyl acetate was then spin-coated on top, followed by annealing at 80°C for 2 h to give the dielectric layer. Al (40 nm) gate electrodes were evaporated on top of dielectric through shadow mask to complete the TG/BC transistor devices. All processing and measurements were performed in a nitrogen glove box. Transistor characterisation was carried out under nitrogen using a Keithley 4200 parameter analyser. The saturation mobility was extracted from the slope of I D 1/2 vs. V G :
and linear mobility was extracted from the equation below:
The channel width and length of the final transistors were 1 mm and 40 μm, respectively, unless otherwise specified.
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